Continuous N-terminal amino acid sequences between 26 and 64 residues long were determined for the gas vesicle protein (GVP) isolated from four genera of cyanobacteria and two species of halobacteria. Definite homology was established between the GVPs of all six organisms. Within the cyanobacteria the homologies varied from 987i to 85% with the order of decreasing similarity to Anabaena being Aphanizomenon, Oscillutoria, and Dactylococcopsis, in agreement with phylogenetic affinities. (Further homologies were also established between sequences at the C-terminus of GVP from Anabaena and Microcystis.) In the G V P from Halobacterium there was a short non-homologous sequence near the N-terminus followed by 39 residues showing 70% homology with GVP from Anabaena, and 790i with that from the halophilic Dactylococcopsis. An antibody raised against the Anabaena gas vesicles was effective in agglutinating gas vesicles from five different cyanobacteria, Micrucyclus (a colourless eubacterium), the two halobacteria and Merhunosarcina (another archaebacterium). The origin of the gas vesicle is discussed.
INTRODUCTION
Gas vesicles are minute hollow structures that are found only in prokaryotic micro-organisms. They have been described in many different families of bacteria but they occur almost exclusively in planktonic species from stratified water bodies, in which they provide buoyancy (for reviews see Walsby, 1972 Walsby, , 1978 . The gas vesicles of cyanobacteria, which have been most thoroughly investigated. have the form of hollow cylinders closed by conical end caps. The width of the cylinders appears to be constant within a given species and is usually within the range of 65-75 nm, but the length varies (Table I of Walsby. 1972) . Both the cylinders and end cones are formed from ribs nearly 5 nm wide (Jost & Jones, 1970) . The gas vesicles of several photosynthetic (Cohen-Bazire et al.. 1969 ) and other bacteria (Staley. 1968 ; Konopka p t al., 1977; Walsby, 1978) have a similar appearance and ribbed construction, though they may show further differences in width and length. Gas vesicles have also been reported in two genera of archaebacteria, Methanusarcina, in which they resemble those of cyanobacteria (Zhilina, 1971 ; Archer & King, 1984) , and Haluhacturiunt, in which the gas vesicles are usually spindle shaped and much larger. up to 250 nm wide (Larsen er ul., 1967; Stoeckenius & Kunau, 1968) , but with the same rib periodicity and crystalline structure in the wall (cf. Blaurock & Wober, 1976; Blaurock & Walsby, 1976) .
The gas vesicles of cyanobacteria are formed from a single type of protein (Jones & Jost, 1971 ; Falkenberg et at., 1972), called gas vesicle protein (GVP) . The molecular weight of GVP in Anabaenaflos-aquae is indicated to be 20600 by SDS-PAGE and quantitative amino acid analysis (but see below), and the amino acid sequence of the first 64 residues from the Nterminus has been determined (Walker tk Walsby, 1983) . This sequence shows strong homologies with sequences of several unaligned peptides from the GVP of Microc~wis . . -__ Ahhret*iaticm : G V P, gas vesicle protein. We report here the results of N-terminal amino acid sequence analysis on the G V P in gas vesicles, purified from four cyanobacteria and two halobacteria, which indicate the presence of a single GVP in each case. We also report on the activity of antibodies raised against gas vesicles from Awlwenu against those from other micro-organisms. Together, these studies establish the homology of gas vesicles in different prokaryotes, including eubacteria and arc hae bac teria.
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METHODS
Organismrundcdture conditions. The organisms used are listed in Table I . The halobacteria were grown on agar (1 -5%, w/v) at 32 "C under warm white fluorescent tubes using a modification of the medium described by Larsen Gas wsicle isolation. Previously described procedures were used for the isolation of gas vesicles from the halobacteria (Simon. 1981 Homology oj' gas uesick proteins 271 1
After adding NaCl to a final concentration of 3%. the purified gas vesicles were concentrated by centrifugally accelerated flotation (Walsby & Buckland, 1969) . For the two Oscillotorio strains, floating filaments were incubated in the presence of ampicillin (Sigma, 0.5 mg ml -I final concentration) for 24 h. After concentration, the filaments were resuspended in phosphate buffer ( p f l 6 4 ) containing 2 mg lysozome ml-and incubated for a further 24 h. This procedure did not result in extensive cell lysis but subsequent rupture of the weakened cells was achieved by repeated filtration through a 3.0 pm pore size Nucleopore filter using a good applied vacuum. After treatment with SDS (0.1 ?(,. w/v. final concentration) the purified gas vesicles were concentrated as described above. Gas vesicles isolated from M~thanosarcinu barkeri by the methods of Archer & King (1984) were a gift from Dr D. A. Archer, AFRC Food Research Institute, Norwich, UK.
Preparation of antiserum. Antiserum against intact gas vesicles isolated from Anahenaflos-aquae was prepared using procedures similar to those described elsewhere (Krantz & Ballou. 1973; Konopka et at., 1977) .
Amino acid sequence analysis. The GVP ( -I mg) in suspensions of intact gas vesicles was sequenced in a modified Beckman sequencer (Runswick & Walker, 1983) . Polybrene (Tarr et ol., 1978) was precycled once before addition of the gas vesicle suspension to the spinning cup. Amino acid phenylthiohydantoin derivatives were identified by high performance liquid chromatography (Broclt & Walker, 1980) . For further details see Walker & Walsby (1983) .
RESULTS A N D DISCUSSION
Gas tvsicle ugghtination by antibodies
When a drop of the rabbit anti-gas-vesicle antibody serum was mixed with a drop of Anabaena flos-aquae gas vesicle suspension it was observed under the phase contrast light microscope that the gas vesicles, which were previously homogeneously suspended, became aggregated in clumps measuring 10 pm or more across. A convenient way to observe agglutination of the gas vesicles was to place a drop of gas vesicle suspension under an eccentrically positioned coverslip on a Hawksley counting chamber, depth 20 pm, and then to add approximately 1 pl of the serum at the coverslip edge. As the suspension evaporated and the serum was drawn into the chamber, a band of aggregated gas vesicles formed at the mixing zone, as shown in Fig. 1 .
This simple aggregation test proved positive with gas vesicles isolated from all of the organisms listed in Table 1 . The gas vesicles isolated from the halobacteria showed an innate tendency to aggregate in the purified state. This could be prevented by addition of the detergent Triton X-I00 to a final concentration of I (wiv). The gas vesicles homogeneously dispersed in this detergent suspension were then strongly aggregated by the serum.
Konopka el al. (1977) have previously demonstrated that antiserum prepared against Microcyclus aquaticus gave positive precipitin reactions with gas vesicles isolated from the same organism. and with those from Anahaenaflos-aquae and Nostoc muscorum, but gas vesicles from halobacteria were not investigated.
N-terminal amino acid sequence
The results of the amino sequence analysis are shown in Fig. 2 . Unambiguous sequences were established in all six GVPs with the exception of the amino acid at position 37; in sequencer analyses at this position, glutamine, proline and glutamic acid were present in the GVP from Anabaena, both proline and gtutamic acid were present in the G V P from Aphanizornenon and Halobacterium, and the same amino acids were present singly in the other GVPs, as shown in Fig. 2 . It is not known if these represent genuine differences and this position is therefore excluded from the subsequent discussion. The following observations are made on the rest of the sequences.
(1) Only a single sequence was obtained in each case. This confirms the conclusion, based on electrophoresis of gas vesicle proteins, that only a single type of protein is present (though it does not exclude the possibility of a second protein with a blocked amino-terminus). There had previously been speculation that different proteins might be needed to form the caps and cylinders of the gas vesicle, though Walsby (1978) has discussed how a single type of GVP might form both parts of the structure, with the diameter of the cylindrical portion being determined by the conformation of assembled protein which gives minimum free energy. Falkenberg (1974) demonstrated two proteins, A and B, in a ratio of I :4, in isolated gas vesicles from the same strain of Halobacterium salinarium that we have investigated. Comparison of the amino acid composition allows the conclusion that the smaller A protein was derived from the B protein (see Walsby, 1978) , perhaps even during the isolation procedure, since Simon (1981) found only a single type of protein in gas vesicles isolated from this strain.
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(2) Comparison of the sequences firmly establishes that while the cyanobacterial and halobacterial GVPs form distinct clusters, the two are clearly homologous and must be phylogenetically related. Within the cyanobacteria, GVPs of Anubuena and Aphanizomenon differ by only one residue. These two genera are closely related, being filamentous organisms with intercalary heterocysts. The GVP sequence of Anubaena differs in three residues from that of Oscilfutorio (a genus from the adjacent taxonomic section 111 in the classification of Rippka ci al., 1979), though two of the differences require two codon-base changes. The fourth cyanobacterium, Ductylococcopsis, is a halophilic unicellular organism with cells over 70 prn long. Its GVP sequence showed between seven and ten differences from those of the other three cyanobacteria.
( 3 ) Many of the differences between the halobacterial and cyanobacterial GVP sequences involve substitution of one aliphatic amino acid by another that differs by a single -CH2-group in the side chain, viz. G for A (residue 12), A for V (residues 27,29), V for L or I (residues 1 1, 15,  I8,23,25,27,41,45 ) and also L for I (1 5,38,41) . Such changes would not cause large differences in physical properties, such as hydrophobicity, but they might cause dimensional changes in the protein and thereby in the structure it creates.
(4) Seven of the changes in the Ductylococcopsis GVP sequence are of the type described in (3), and six of these occur where there are similar changes in the halobacterial sequence. These changes might be indirectly related to the halophilic character of these organisms. It is doubted that it is an adaptation to salt concentration per se because, while the halobacterium contains high internal concentrations of potassium and sodium salts (Christian & Waltho, 1962), Dactylococcopsis, which is able to grow in salinities of up to 20% (Walsby et al., 19830) does not.
Instead it osmoregulates by producing high concentrations of organic solutes, principally glycine betaine (Reed et al., 1984) . However, as a consequence of its saline environment, Ductylococcopsis has very low turgor pressures and this permits the production of gas vesicles which are weaker (Walsby et al., 1983~) and wider (P. K. Hayes & A. E. Walsby, unpublished) than those of other cyanobacteria. The same correlation is found in halobacteria (Walsby, 1972) .
The size of the gas vesicle must ultimately be determined by the amino acid composition and sequence of the particular GVP, since this is the sole constituent.
( 5 ) The halobacterial GVP is distinguished from those in cyanobacteria by a different sequence adjacent to the amino-terminus, involving three deletions and three different amino acids. At first sight this would appear to be a completely foreign sequence, but in the alignment shown (Fig. 2) each amino acid requires only a single codon base change, AA2 +GA2 for K +Q, ACX+GCX for T-P and AAPdGAF for N+D. The A+G change in each case is in keeping with the high G + C content of halobacterial genomes.
To date, the only other highly homologous sequences discovered between cyanobacteria and halobacteria are those of the ferredoxins, where in Halobacterium the homologous part of the sequence is preceded by a non-homologous acidic lead sequence that may have the function of providing a hydrophilic environment for the core of the protein (Hase et al., 1978, 1980) . The unexpected homology with cyanobacterial proteins prompted the suggestion that the gene for ferredoxin may have been laterally transferred, perhaps by transformation, from cyanobacteria. This would certainly be physically possible since halophilic cyanobacteria and halobacteria may be found together in the same brine pools (A. E. Walsby, unpublished) . There is indirect evidence that the gas vesicle genes of cyanobacteria (Walsby, 1977) and of halobacteria (Simon, 1978 
L T 2 S A P V A A-COOH, with residues 5-(residues of uncertain identity in the Microcystis G V P sequence are underlined). The evidence that these last three peptides are different peptides relies mainly on the correct identification of the few residues in which they differ.
We have now isolated the homologous carboxy-terminal peptide from Anabuenu GVP by tryptic digestion (see Fig. 3 ). Amino acid analysis reveals no arginine or lysine, which would be at the C-terminal end of all tryptic peptides except the peptide at the C-terminus of the protein. 1-64 previously established by Walker & Walsby (1983) . In the absence of any contrary evidence this would normally indicate that the complete amino acid sequence of Ambaena GVP had been elucidated. This conclusion would also be supported by the fact that, apart from the absence of phenylalanine, the amino acid composition of the 70-residue peptide is very similar to the composition of Anahem GVP as analysed by Falkenberg et al. (1972) and by Walker & Walsby (1983) . Only valine and isoleucine are underestimated (by 20% and 30%, respectively) in the analyses in comparison with the predicted composition, and this underestimate is expected because the sequence contains regions where these amino acids are juxtaposed (e.g. at residues 14-1 $22-24 and 45-47) and would be resistant to acid hydrolysis. If this were the sequence of the entire Anabuena GVP, its molecular weight, calculated from the composition, would be 7380.
A molecule of this size could just be accommodated within the 10.25 nm3 unit cell repeat found by X-ray diffraction of Anabaena gas vesicles (Blaurock & Walsby, 1976) .
This value is, however, only one-third of the size of the protein molecule indicated by quantitative amino acid analysis based on the abundance of phenylalanine, and by the mobility of the protein in SDS-PAGE, 20600 daltons (Walker & Walsby, 1983) . If this larger value is the correct one, the amino acid composition of the unsequenced section must be very similar to that of the first 64 residues. Perhaps other repeating sequences may then occur in the second part of the molecule. Sequencing the GVP structural gene would provide an unambiguous solution to this problem.
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